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Summary
The ubiquitin-associated (UBA) domain is one of the
most frequently occurring motifs that recognize
ubiquitin tags. Dsk2p, a UBA-containing protein from
Saccharomyces cerevisiae, is involved in the ubiqui-
tin-proteasome proteolytic pathway and has been im-
plicated in spindle pole duplication. Here we present
the solution structure of the UBA domain of Dsk2p
(Dsk2UBA) in complex with ubiquitin. The structure re-
veals that the UBA domain uses a mode of ubiquitin
recognition that is similar to that of the CUE domain,
another ubiquitin binding motif that shares low se-
quence homology but high structural similarity with
UBA domains. These two domains, as well as the
structurally unrelated ubiquitin binding motif UIM,
provide a common, crucial recognition site for ubiqui-
tin, comprising a hydrogen-bonding acceptor for the
amide group of Gly-47, and a methyl group that packs
against the hydrophobic pocket of ubiquitin formed
by Leu-8, Ile-44, His-68, and Val-70.
Introduction
Ubiquitin, a small protein consisting of 76 residues, can
be attached to a protein through an isopeptide bond
formed between its C-terminal glycine and a lysine resi-
due of the target protein (Hershko and Ciechanover,
1998). Ubiquitin itself can be linked to another ubiquitin
through its surface lysines, resulting in the formation of*Correspondence: shirakawa@moleng.kyoto-u.ac.jppolyubiquitin. In yeast, the relative abundance of the
different lysine-linked ubiquitin chains decreases in the
order: Lys-48 > Lys-63 > Lys-11 > Lys-27 (Peng et al.,
2003). These mono- and polyubiquitin tags act as regu-
latory signals that mediate a variety of cellular pro-
cesses. Monoubiquitin is known to function as both an
endocytic sorting signal in vesicular transport and a key
regulator of transcription, replication, and DNA repair
(Di Fiore et al., 2003; Haglund et al., 2003; Hicke, 2001;
Hicke and Dunn, 2003; Schnell and Hicke, 2003). Of the
polyubiquitin chains, the most thoroughly characterized
is Lys-48-linked polyubiquitin, which mainly targets
proteins for proteasomal degradation and thereby con-
trols diverse biochemical pathways such as cell cycle
progression, apoptosis, antigen presentation, and the
stress response (Hershko and Ciechanover, 1998; Pick-
art, 2001).
The functions of the ubiquitin tags are mediated
through their recognition by downstream effector pro-
teins that contain one or more ubiquitin binding motifs.
So far, six classes of such motifs have been identified:
namely, the ubiquitin-interacting motif (UIM) (Hofmann
and Falquet, 2001; Polo et al., 2002; Young et al., 1998);
the ubiquitin-associated (UBA) domain (Bertolaet et al.,
2001; Hofmann and Bucher, 1996; Vadlamudi et al.,
1996); the coupling of ubiquitin conjugation to ER deg-
radation (CUE) domain (Donaldson et al., 2003; Ponting,
2000; Shih et al., 2003); the ubiquitin E2 enzyme variant
(UEV) domain (Hofmann and Pickart, 1999; Sancho et
al., 1998); the Npl4 zinc finger (NZF) domain (Meyer et
al., 2002); and the GGA and Tom1 (GAT) domain (Dell’-
Angelica et al., 2000; Shiba et al., 2004).
The mechanism of ubiquitin recognition has been
well characterized for the UIM and CUE domains. UIM,
comprising the amino acid motif f-x-x-Ala-x-x-x-Ser
(where f and x represent a large hydrophobic residue
and any residue, respectively), was first identified as a
polyubiquitin binding site in the S5a subunit of protea-
some, and it has been subsequently found in many pro-
teins involved in endocytosis pathways (Hofmann and
Falquet, 2001; Polo et al., 2002). The structures of three
UIMs bound to a ubiquitin or ubiquitin-like domain
(UbL) have been reported: the UIM of Vps27 (Vps27UIM)
bound to ubiquitin, the UIM of S5a (S5aUIM) bound to
the UbL of hHR23B (Fujiwara et al., 2004), and S5aUIM
bound to the UbL of hHR23A (Mueller and Feigon, 2003;
Swanson et al., 2003). All three structures resemble one
another, indicating that the recognition modes of UIM
for ubiquitin and UbL are highly conserved. The CUE
domain consists of about 40 amino acids and was first
identified in Vps9, Tollip, AMFR, and AUP1 (Donaldson
et al., 2003; Shih et al., 2003). The mechanism of ubiqui-
tin recognition by CUE has been elucidated by the
structure determination of ubiquitin bound to Cue2-1
(Cue2-1CUE) and to Vps9 (Vps9CUE) (Kang et al., 2003;
Prag et al., 2003). Vps9CUE exists as a segment-
swapped dimer and forms a complex of two CUE do-
mains and two ubiquitin molecules in the crystal. Con-
sequently, each ubiquitin molecule contacts two Vps9CUE
domains in the crystal. By contrast, the solution struc-
Structure
522ture of the Cue2-1CUE-ubiquitin complex shows a simple 2
t1:1 stoichiometry, even though the ubiquitin binding in-
terfaces of these CUE domains are highly similar. a
aThe UBA domain, comprising approximately 45
amino acids (Figure 1), is the most frequently occurring D
dubiquitin-recognition motif and was first identified by
sequence database analysis. So far, 127 UBA domains
gfrom 107 human proteins have been identified, most of
which are implicated in the ubiquitin-proteasome deg- (
Mradation machinery (Hofmann and Bucher, 1996; Chen
and Madura, 2002; SMART database, http://smart. (
aembl-heidelberg.de/smart). The UBA domain thus con-
trasts with CUE domains, which so far have been found d
bmainly in endocytic factors. Proteins such as Rad23,
Dsk2p, hHR23A, hHR23B, and hPLIC-2 contain both a t
(UBA domain at their C terminus and a UbL domain at
their N terminus (Watkins et al., 1993; Biggins et al., c
o1996; Withers-Ward et al., 1997; Kleijnen et al., 2000).
The UbL domain can bind to the proteasome (Elsasser a
ret al., 2002; Saeki et al., 2002; Schauber et al., 1998),
whereas the UBA domain recognizes mono- or poly- p
Uubiquitin in vitro and in vivo (Vadlamudi et al., 1996;
Bertolaet et al., 2001; Wilkinson et al., 2001; Funakoshi i
tet al., 2002; Rao and Sastry, 2002; Chen et al., 2001;
Chim et al., 2004; Meyer et al., 2002; Massey et al., f
2004). GST pull-down and surface plasmon resonance
(SPR) experiments have shown that UBA domains bind t
dmore tightly to polyubiquitin than to monoubiquitin
(Raasi and Pickart, 2003; Rao and Sastry, 2002; Funa- u
skoshi et al., 2002; Wilkinson et al., 2001). In addition,
their affinity for Lys-48-linked polyubiquitin (polyUbK48) u
2is higher than their affinity for Lys-63- or Lys-29-linked
chains (Raasi and Pickart, 2003; Varadan et al., 2004). a
tThese observations suggest that UbL-UBA proteins de-
liver proteins that are tagged by polyUbK48 to the pro- s
Lteasome first by interactions between the UBA domain
and the polyubiquitinated substrate, and then by in- 1
Tteractions between the UbL domain and the protea-
some (Chen and Madura, 2002; Funakoshi et al., 2002; l
aHartmann-Petersen et al., 2003; Rao and Sastry, 2002;
Glockzin et al., 2003; Massey et al., 2004; Chen et al., cFigure 1. Sequence Alignment of UBA Do-
mains and CUE Domains
Shown is the alignment of UBA and CUE do-
main sequences, including UBA domains
from Saccharomyces cerevisiae Dsk2p, hu-
man HR23A, human p62, S. cerevisiae Swa2,
and rat p47, and CUE domains from Cue2-1
and Vps9 of S. cerevisiae. Identical residues
in the UBA domains are highlighted in black.
Homologous residues are highlighted in gray
or light gray. Notably, residues involved in
stabilization of the UBA fold are highlighted
in yellow font. The secondary structure of S.
cerevisiae Dsk2UBA, as determined in the
complex, is indicated at the top. Residues
involved in the recognition of ubiquitin by
Dsk2UBA are indicated by black asterisks.001). This proposal is supported by the observations
hat overexpression of budding yeast Dsk2p causes the
ccumulation of polyubiquitin (Funakoshi et al., 2002)
nd overexpression of hPLIC-2, a human homolog of
sk2p, interferes with polyubiquitin-mediated protein
egradation (Kleijnen et al., 2000).
To date, structures have been reported for five unli-
anded UBA domains, including two from hHR23A
hHR23AUBA1 and hHR23AUBA2) (Dieckmann et al., 1998;
ueller and Feigon, 2002) and one each from p62
p62UBA) (Ciani et al., 2003), Swa2 (Swa2UBA) (Chim et
l., 2004), and p47 (p47UBA) (Yuan et al., 2004). These
omains adopt a common, compact fold comprising a
undle of three helices. Recently, two groups reported
hree-dimensional models of UBA-ubiquitin complexes
hHR23AUBA1, hHR23AUBA2, and p47UBA), which were
onstructed by using the HADDOCK approach based
n chemical shift perturbation experiments (Mueller et
l., 2004; Yuan et al., 2004). Furthermore, Walters et al.
eported structural properties of the full-length hHR23A
rotein, which indicate that the structures of the two
BA domains in the intact polypeptide chain are nearly
dentical to their structures in the isolated domains and
hat the UBA domains are connected in the protein by
lexible linkers (Walters et al., 2003; Wang et al., 2003).
Despite their variety of sequences and folds, ubiqui-
in binding proteins containing a UIM, CUE, NZF, or UEV
omain commonly recognize the β-sheet surface of
biquitin that is centered around its Ile-44 residue, as
hown by the structure determinations of several
biquitin complexes (Alam et al., 2004; Kang et al.,
003; Prag et al., 2003; Shiba et al., 2004; Swanson et
l., 2003; Teo et al., 2004; Sundquist et al., 2004). In-
riguingly, this ubiquitin surface also serves as the inter-
ubunit interface between the ubiquitin monomers in
ys-48-linked di- and tetraubiquitin chains (Cook et al.,
992, 1994; Phillips et al., 2001; Varadan et al., 2002;
enno et al., 2004). This feature suggests that Lys-48-
inked polyubiquitin chains must undergo structural re-
rrangement upon binding to downstream proteins that
ontain these ubiquitin binding motifs.
Structure of a UBA-Ubiquitin Complex
523Figure 2. Intermolecular NOEs
Selected regions of the three-dimensional 13C-filtered (F2)/13C-filtered (F1) NOESY spectra of complexes formed between 13C/15N-labeled
Dsk2UBA and unlabeled ubiquitin (A) and 13C/15N-labeled ubiquitin (Ub) and unlabeled Dsk2UBA (B). Incompletely suppressed peaks are
indicated by asterisks (blue, diagonal peaks; black, crosspeaks).Here we report the solution structure of the UBA do-
main of Dsk2p (Dsk2UBA) bound to ubiquitin as deter-
mined by NMR. We also present mutational binding
data that confirm key interactions observed in the com-
plex structure. A detailed comparison of the available
structures of UBA, CUE, and UIM domains bound to
ubiquitin shows that these binding proteins recognize
common elements of ubiquitin.Results
Structure Determination
of the Dsk2UBA-Ubiquitin Complex
Dsk2UBA shows a markedly high affinity for ubiquitin
(Kd = 14.8 M; this study) as compared with other UBA
domains whose affinity for ubiquitin has been reported
(K = 250–600 M) (Ryu et al., 2003; Mueller et al., 2004;d
Structure
524Figure 3. Overview of the Dsk2UBA-Ubiquitin
Complex
(A) Stereo view of the best-fit superposition
of the 20 final structures. The backbone
atoms of the UBA domain from yeast Dsk2p
are shown in red and those of ubiquitin in
blue. The N-terminal 12 residues of Dsk2UBA,
originating from the cloning vector, are omit-
ted from all figures for clarity.
(B) Stereo ribbon diagram of the representa-
tive structure. Coloring is the same as in (A).Varadan et al., 2004; Chim et al., 2004). In 1H-15N HSQC S
Ispectra, Dsk2UBA exhibited a slow-medium mode of ex-
change on the chemical shift timescale upon the addi- d
tion of ubiquitin (data not shown), in contrast to other
UBA domains that have been reported to display fast
Texchange (Mueller et al., 2004; Yuan et al., 2004). This
ofeature enabled us to observe a large number of inter-
molecular NOE crosspeaks for calculating the structure D
of the Dsk2UBA-ubiquitin complex (Figure 2). Whereas
T
the intermolecular NOE crosspeaks observed in the I
isotope-filtered NOESY spectrum were assigned man- S
ually, the inter- and intramolecular NOE crosspeaks ob- M
Lserved in the NOESY spectra without isotope-filtering
Iwere assigned by using an automatic-iterative algo-
Trithm (see Experimental Procedures).
SThe structure of the Dsk2UBA-ubiquitin complex was
determined from a total of 3027 NMR-derived restraints, R
including 103 intermolecular distance restraints (Table 1). B
The ensemble of the final 20 structures is well defined A
(Figure 3A). The root-mean-square deviations (rmsds)
A
of backbone and heavy atoms over residues 328–373
Eof Dsk2UBA and residues 1–71 of ubiquitin are 0.34 Å
E
and 0.99 Å, respectively (Table 1). Twelve residues at- E
tached to the N terminus of Dsk2UBA, which originate E
from the cloning vector, and the C-terminal residues of
V
ubiquitin are not well converged in the ensemble be-
Ncause few long-range NOEs were observed. These
NC-terminal residues of ubiquitin have been shown to be
Rflexible in solution in an unliganded form of ubiquitin
(PDB code 1D3Z; Cornilescu et al., 1998). Of the NMR R
Rstructures, the one showing the smallest rmsd in re-
Rspect to the mean structure was selected as a repre-
Rsentative for further structural description (Figure 3B).le fold, consisting of three helices (α1, α2, and α3) and
able 1. Experimental Restraints and Statistics for 20 Structures
f the Dsk2UBA-Ubiquitin Complex
istance Restraints
otal 3027
ntramolecular 736
equential [ | i − j | = 1 ] 669
edium-range [ 1 < | i − j | % 4 ] 568
ong-range [ | i − j | > 4 ] 843
ntermolecular 103
orsion angle restraints 108
tatistics for Structure Calculation
msd from idealized geometry
onds (Å) 0.0104 ± 0.0001
ngles (º) 2.11 ± 0.02
MBER GB Energies (kcal mol−1)
constraints 20 ± 2
elec −9531 ± 406
vdw −972 ± 8
total −6489 ± 8
iolations Statistics
umber of distance violation > 0.3 Å none
umber of dihedral angle violation > 3º none
amachandran Plot Statistics (%)
esidues in most favored regions 89.9
esidues in additional allowed regions 10.0
esidues in generously allowed regions 0.0
esidues in disallowed regions 0.1tructure of the Dsk2UBA and Ubiquitin in Complex
n the complex, Dsk2UBA adopts a compact helical bun-
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525two connecting loops (1 and 2), that resembles the fold
of other unliganded UBA domains reported so far.
Dsk2UBA contains an additional helical element (α0) at
residues 328–331 (Figure 3B). The helices of Dsk2UBA
are packed against each other through a well-defined
hydrophobic core formed by residues Leu-336, Leu-
339, Ala-353, Leu-354, Ala-364, and Leu-368, which are
located on the interior sides of the helices and are con-
served in other UBA domains (Figures 1 and 4). In addi-
tion to these core-forming residues, conserved resi-
dues are found mainly in the helix-connecting loops.
For loop 1, Met-342, Gly-343, and Phe-344 are particu-
larly well conserved in the UBA family and adopt a
characteristic turn that is stabilized by a hydrogen bond
between the amide group of Gly-343 and the backbone
carbonyl group of Asn-340 in α1 (Mueller and Feigon,
2002). The presence of this bond is supported by its
observation in 15 out of the 20 final NMR structures.
The overall structure, as well as the conformation of
this turn, is well conserved in unliganded UBA domains
whose structures have been reported so far (Dieck-
mann et al., 1998; Mueller and Feigon, 2002; Ciani et
al., 2003; Chim et al., 2004; Yuan et al., 2004), suggest-
ing that the structure of the UBA domain is largely un-
affected by binding to ubiquitin. The backbone rmsds
between Dsk2UBA and the unliganded UBA domains
from hHR23AUBA1, hHR23AUBA2, p62UBA, Swa2UBA, and
p47UBA are 1.07 Å, 1.28 Å, 1.90 Å, 2.40 Å, and 1.75 Å,
respectively, over 28 residues from the secondary
structural regions (Figure 4). The structure of ubiquitin,
which displays α/β topology with a structural order of
β1 (residues 2–7), β2 (residues 12–16), α1 (residues 23–
34), β3 (residues 41–45), β4 (residues 48–49), α2 (resi-
dues 56–59), β5 (residues 66–71), is also unaffected by
formation of a complex with Dsk2UBA (Figure 3B). The
structure of ubiquitin in the complex is nearly identical
to its unliganded structure with a backbone rmsd of
0.90 Å over residues 1–71 (using PDB code 1D3Z for
the unliganded form; Cornilescu et al., 1998).
Recognition of the UBA Domain by Ubiquitin
The hydrophobic surface of the β-sheet of ubiquitin,
which is centered at Ile-44, and the surrounding region
together form the interface with Dsk2UBA, which in turn
contacts the ubiquitin surface mainly through loop 1
and the C-terminal part of α3 (Figures 5A and 5B). Of
the Dsk2UBA residues that contribute to the interface,
Met-342 from loop 1 seems to play the most integral
role in ubiquitin recognition. Its side chain fits snugly
along strands β3 and β4 of ubiquitin, and its methyl
group is packed tightly into a shallow hydrophobic
pocket formed by the hydrophobic side chains of Ile-
44, Leu-8, Gly-47, His-68, and Val-70 of ubiquitin (Fig-
ure 5A). In addition, the main chain carbonyl group of
Met-342 accepts a hydrogen bond from the amide
group of Gly-47 of ubiquitin. The presence of this hy-
drogen bond is supported by its observation in 19 out
of the 20 final NMR structures. These two contacts me-
diated by Met-342 of Dsk2UBA—that is, a hydrophobic
contact to the Ile-44-centered pocket and a hydrogen
bond to Gly-47 of ubiquitin—seem to be integral deter-
minants for ubiquitin recognition because similar con-
tacts have been observed in complexes of other ubiqui-Figure 4. Comparison of UBA Domains
Ribbon diagrams comparing the ubiquitin bound Dsk2UBA (red) and
two unliganded UBA domains: the N-terminal UBA domain of
hHR23AUBA1 (PDB code 1IFY; orange) and the UBA domain of rat
p47UBA (PDB code 1V92; pink). The side chains of conserved resi-
dues, which are important for formation of the hydrophobic core
and structural integrity, are indicated in yellow. These residues cor-
respond to those shown in yellow font in Figure 1.tin-recognition motifs with ubiquitin (see Determinants
of Ubiquitin Recognition).
The hydrophobic regions of the side chains of the
other loop 1 residues of Dsk2UBA, Asp-341 and Phe-
344, also contribute to complex formation by making
hydrophobic contacts with His-68 and Gly-47, respec-
tively, which form the Ile-44-centered pocket of ubiqui-
tin (Figures 5A and 5B). In addition to loop 1 residues,
the aliphatic side chains of outward-facing residues in
α3 of Dsk2UBA—namely, Val-361, Gln-362, Leu-365, and
Leu-369—also make hydrophobic contacts with the
pocket-forming residues of ubiquitin, Leu-8, Val-70, Ile-
44, and His-68. Interestingly, many of the residues that
form the interface also play an important role in struc-
tural integrity of the UBA fold by contributing to the
hydrophobic core.
To examine the importance of the interfacial residues
identified through the structural determination, we car-
ried out mutagenesis experiments. Three residues from
Dsk2UBA (Gly-343, Phe-344, and Leu-369) and six from
ubiquitin (Lys-6, Arg-42, Ile-44, Lys-48, His-68, and Val-
70) were each substituted by alanine. The binding affini-
ties (dissociation constants; Kds) of the wild-type and
mutant proteins were determined by SPR measure-
ments (Table 2). For Dsk2UBA, the most significant effect
was observed for mutation of a loop-1-forming residue,
Structure
526Figure 5. Interaction Surfaces in Dsk2UBA-
Ubiquitin Complex
(A) Representation of the interaction at the
Dsk2UBA-ubiquitin interface. Shown is the in-
teraction surface between ubiquitin (surface;
light blue, green, and cyan) and Dsk2UBA (rib-
bons and sticks; gray). Ubiquitin residues at
the molecular interface are shown in green,
while Lys-48, which is involved in the forma-
tion of polyubiquitin, is shown in cyan. The
side chains of eight residues and the car-
bonyl group of Met-342 of Dsk2UBA, which
interact with ubiquitin, are shown in ball-
and-stick representation with color coding
according to atoms (carbon, white; oxygen,
red; nitrogen, blue; sulfur, orange).
(B) Stereo view showing the arrangement of
residues of ubiquitin and Dsk2UBA. Residues
of ubiquitin are shown in light blue, while
those of Dsk2UBA are shown in gray. The hy-
drogen bond between the carbonyl group of
Met-342 and the amide group of Gly-47 of
ubiquitin is indicated by a yellow dotted line.fPhe-344 is positioned in the vicinity of the β-turn
b
L
Table 2. Binding Constants t
d
Kd (M) Fold decrease D
Ubiquitin binding to wild-type and mutant Dsk2UBA t
Wild-type 14.8 ± 5.3 c
G343A 366.5 ± 4.5 25 t
F344A >1000 >68 t
L369A 426.0 ± 10 29 t
Dsk2UBA binding to wild-type and mutant ubiquitin T
tWild-type 14.8 ± 5.3
K6A 25.7 ± 0.5 1.7 o
R42A 40.7 ± 1.2 2.7 t
I44A >1000 >68 s
K48A 8.4 ± 0.3 0.6 s
H68A 73.9 ± 0 5.0
uV70A 25.8 ± 0.1 1.7
All values are mean and estimated deviation of two independent i
measurements.
dPhe-344, for which substitution with alanine resulted in f
ma 68-fold decrease in binding affinity for ubiquitin in
ucomparison to the wild-type protein (Kd = 14.8 M).ormed by Phe-45, Ala-46, and Gly-47 of ubiquitin, and
akes mainly hydrophobic interaction with Gly-47 (Fig-
re 5A). Furthermore, this residue also is involved in
ormation of the ubiquitin binding surface of Dsk2UBA
y hydrophobic interactions with the side chains of
eu-365, Leu-368, and Leu-369. Several inter- and in-
ramolecular NOEs were observed between these resi-
ues. The importance of the loop-1-forming residues of
sk2UBA for binding to ubiquitin was further shown by
he substitution of Gly-343, which caused a 25-fold de-
rease in binding affinity. The presence of glycine at
his position is essential for formation of the turn struc-
ure, and thus this residue is important for proper posi-
ioning of the interfacial residues Met-342 and Phe-343.
hus, the reduction in binding caused by the Gly-343
o alanine mutation is probably due to the displacement
f these interfacial residues. The importance of the in-
erfacial contact site contributed by α3 of Dsk2UBA was
hown by the Leu-369 to alanine mutation, which re-
ulted in a 29-fold decrease in ubiquitin binding (Fig-
re 5A).
In ubiquitin, Ile-44 was shown to be integral for bind-
ng to Dsk2UBA by the detrimental effect (68-fold above
ecrease) of its substitution to alanine on complex for-
Structure of a UBA-Ubiquitin Complex
527mation. Mutation of His-68, a residue adjacent to Ile-44
in the hydrophobic patch, also decreased the affinity
of ubiquitin for Dsk2UBA by 5-fold. In the complex, this
residue guides the side chain of Met-342 so that its
δ-methyl group fits into the hydrophobic pocket of ubi-
quitin (Figure 5B). In contrast to these patch-forming
residues, mutation of Lys-48 had no significant effect
on ubiquitin binding to Dsk2UBA. In the NMR structure,
the side chain of this residue shows no apparent con-
tact with Dsk2UBA (Figure 5B), although the backbone
1H and 15N resonances displayed the largest effect
upon Dsk2UBA binding in the HSQC spectra (data not
shown).
Comparison between the UBA-Ubiquitin
and CUE-Ubiquitin Complexes
Structures of Vps9CUE and Cue2-1CUE in complex with
ubiquitin have been reported (Kang et al., 2003; Prag et
al., 2003). Whereas Cue2-1CUE has been shown to exist
as a monomer in the solution structure of its complex
with ubiquitin, both unliganded and ubiquitin bound
Vps9CUE were found to form a segment-swapped dimer
in the crystals. This complex structure reveals that
Vps9CUE offers two binding surfaces for ubiquitin. One
is similar to those observed in the Cue2-1CUE-ubiquitin
and Dsk2UBA-ubiquitin complexes, whereas the other
is unique to the Vps9CUE dimer and is formed by the
hydrophobic residues of α2. These two surfaces are lo-
cated on the opposite side of Vps9CUE. In the Vps9CUE-
ubiquitin complex, both subunits of the Vps9CUE dimer
contact one molecule of ubiquitin. These structural ar-
rangements have been suggested to provide the basis
of the high affinity of Vps9 for ubiquitin (Prag et al.,
2003). Prag et al. also suggested that in solution the
segment-swapped dimer and closed monomer forms
of Vps9CUE are in equilibrium. A model of the closed
monomer bound to ubiquitin has been proposed. For
simplicity, we discuss this model structure in compari-
son with Dsk2UBA and hereafter refer to it as the
Vps9CUE-ubiquitin complex. Dsk2UBA seems not to form
dimers in solution, judging from the results of SPR ex-
periments, gel filtration, and NMR parameters (data
not shown).
Despite a low sequence similarity (Figure 1), the fold
of Dsk2UBA in the complex resembles those of the CUE
domains from Vps9CUE and Cue2-1CUE (PDB codes
1P3Q and 1OTR, respectively) in complex with ubiqui-
tin, as shown by the backbone rmsd of 1.40 Å between
Dsk2UBA and Cue2-1CUE, and 1.10 Å between Dsk2UBA
and Vps9CUE, over 26 residues from the secondary
structural regions.
Several key interactions are also conserved between
the UBA and CUE domains. The conformation and
ubiquitin contacts of the methionine located at the first
position in loop 1 are nearly identical between UBA and
CUE (Figure 1). In both complexes, the side chain
methyl of this residue (Met-342 in Dsk2UBA, Met-19 in
Cue2-1CUE, and Met-419 in Vps9CUE) packs against the
hydrophobic pocket at Ile-44 of ubiquitin, and its back-
bone carbonyl group accepts a hydrogen bond from
the amide group of ubiquitin Gly-47 (Kang et al., 2003).
In addition, hydrophobic residues at positions 361, 365,
and 369 (Dsk2UBA numbering; Figure 1) of the CUE do-Figure 6. Structural Comparison of the UBA and CUE Domains
In the top panel, structures of the ubiquitin complexes of Dsk2UBA
(red) and Cue2-1CUE (PDB code 1OTR; green) are compared by a
best-fit superposition of the ubiquitin molecule (blue). In this panel,
the structure of ubiquitin in complex with Dsk2UBA is shown. The
side chain of Lys-48, which is involved in formation of polyubiquitin,
is shown in magenta. L1 denotes the loop 1 connecting α1 and α2.
In the two bottom panels, the structures of the UBA-ubiquitin and
CUE-ubiquitin complexes are shown separately with the surfaces
of the UBA and CUE domains.mains make contacts with ubiquitin in a manner similar
to that observed in the Dsk2UBA-ubiquitin complex.
Despite the similarities in fold and in contacts with
ubiquitin between the UBA and CUE domains, there are
clear differences in the major interfacial sites provided
by loop 1 and α3 (Figures 1 and 6). First, aside from the
first residue (Met-342), both the conformation and the
sequence of loop 1 of Dsk2UBA are distinct from those
of loop 1 of the CUE domains. Second, the position of
α3 relative to the rest of the domain differs between
Dsk2UBA and the CUE domains. The interhelical angle
between α1 and α2 falls in a relatively small range
(125°, 131°, and 127° in Dsk2UBA, Cue2-1CUE, and
Vps9CUE, respectively), whereas the interhelical angle
between α2 and α3 in Dsk2UBA, 118°, is smaller than
those in Cue2-1CUE and Vps9CUE, 126° and 128.5°,
respectively. This difference is due to intramolecular
contacts between Ala-352, Ala-353, and Arg-355 of α2,
and Asp-372 and Val-373 of the C-terminal loop region
adjacent to α3 of Dsk2UBA. As a consequence of these
contacts, the C terminus of α3 and the C-terminal loop
of Dsk2UBA are pulled away from ubiquitin, whereas the
corresponding regions of the CUE domains are closer
to ubiquitin. In particular, these regions of Cue2-1CUE
are in intimate contact with ubiquitin around Lys-48
(Figure 6). This difference in the interfacial contacts is
Structure
528reflected in mutagenesis experiments: a ubiquitin mu- e
stant in which Lys-48 is substituted with alanine retains
tits affinity for Dsk2UBA (Table 2) but not for Cue2-1CUE
D(Kang et al., 2003). This result suggests that an iso-
Tpeptide bond at Lys-48 may interfere with binding of
mCue2-1CUE to the ubiquitin chain, as discussed by Kang
det al. (2003), but not Dsk2UBA. For the Vps9CUE-ubiquitin
complex, the C terminus of α3 and the C-terminal loop
rare close to, but do not seem to make intimate contact
iwith, the region around Lys-48 of ubiquitin. The effect
tof mutating Lys-48 of ubiquitin has not been reported
ayet. Third, two electrostatic interactions—one between
tAsp-18 of Cue2-1CUE and Lys-6 of ubiquitin, and one
fbetween Asp-40 of Cue2-1CUE and Arg-42 of ubiqui-
atin—are missing in the UBA complex (Kang et al., 2003).
aThese residues of the CUE domain are not conserved
win UBA domains (Figure 1). Arg-42 of ubiquitin is not in
Ta position to make contact with Dsk2UBA in the complex
ostructure. Consistent with this, alanine substitution of
e
Lys-6 and Arg-42 in ubiquitin has little effect on ubiqui-
u
tin binding to Dsk2UBA (Table 2), indicating that these
residues are not involved in electrostatic interactions s
in the UBA complex. Similar results from mutagenesis c
experiments have been reported for hHR23AUBA1/UBA2 a
(Mueller et al., 2004). Thus, a few interactions observed D
in the Cue2-1CUE-ubiquitin complex are absent in the 1
Dsk2UBA-ubiquitin complex. Nevertheless, Dsk2UBA has e
a higher affinity for ubiquitin than does Cue2-1CUE. This m
can be explained by the observation that Dsk2UBA of- e
fers a larger interfacial area for ubiquitin than does m
Cue2-1CUE. The calculated changes in the solvent- h
accessible surface areas of Dsk2UBA and Cue2-1CUE on c
ubiquitin binding are 480 Å2 and approximately 400 Å2, t
respectively (Kang et al., 2003). Consistent with this, u
the Vps9CUE dimer, which has higher affinity (Kd w 1 U
M) for ubiquitin than does Dsk2UBA, has a larger con- p
atact area for ubiquitin (780 Å2) than does Dsk2UBA (Prag
iet al., 2003).
b
tDiscussion
s
pDeterminants of Ubiquitin Recognition
The solution structure of the Dsk2UBA-ubiquitin com-
tplex has identified the residues that are important for
(molecular recognition. The principal recognition deter-
(minants in ubiquitin are (1) the hydrophobic pocket
a
formed by the side chains of Leu-8, Ile-44, His-68, and
h
Val-70; and (2) the main chain amide group of Gly-47 d
(Figure 5). Both of these sites in ubiquitin make contact s
mainly with Met-342 of Dsk2UBA, whose methyl group i
packs tightly against the hydrophobic pocket and s
whose main chain carbonyl group accepts a hydrogen
bond from the amide group of Gly-47; these two in- o
teractions show that this methionine is the key residue 1
for recognition of ubiquitin by Dsk2UBA. Methionine or o
a hydrophobic amino acid is conserved at this position p
in almost all UBA domains (Figure 1). t
A fold similar to the UBA fold has been found in a V
functionally unrelated protein, bacterial elongation a
factor EF-Tu. The N-terminal domain of EF-Tu has sub- t
stantial sequence homology to (26%), and shares high p
structural similarity with (a backbone rmsd of 1.35 Å u
between EF-Tu and Dsk2UBA over 27 residues from se- p
condary structural regions), UBA domains (Kawashimat al., 1996). In spite of these sequence and structure
imilarities, the residue in the position corresponding
o Met-342, the key residue for ubiquitin recognition in
sk2UBA, is arginine in the N-terminal domain of EF-Tu.
his lack of conservation of the residue at this position
ay be relevant to functional differences between UBA
omains and this bacterial protein.
UBA domains show a conservation of hydrophobic
esidues at the positions of the hydrophobic residues
nvolved in the ubiquitin binding of Dsk2UBA, suggesting
hat the mode of ubiquitin interaction is conserved
mong UBA domains. However, the amino acids at
hese positions are not identical throughout the UBA
amily members (Figure 1). For example, hHR23AUBA1
nd hHR23AUBA2 have valine and alanine, respectively,
t the position corresponding to Leu-365 of Dsk2UBA,
hich plays a crucial role in ubiquitin recognition.
hese differences may cause variations in the affinity
f UBA domains for ubiquitin; in other words, they may
xplain why Dsk2UBA has a much higher affinity for
biquitin than the other described UBA domains have.
The recognition mode identified in the complex
hows distinct differences from that deduced in re-
ently proposed complex models of hHR23AUBA1/UBA2
nd ubiquitin, which were obtained by using a HAD-
OCK algorithm based on changes in chemical shift in
H-15N HSQC spectra upon complex formation (Mueller
t al., 2004). In short, the orientation of the UBA do-
ains relative to ubiquitin differs between those mod-
ls and our complex structure; consequently, in the
odels neither Met-173 of hHR23AUBA1 nor Leu-330 of
HR23AUBA2 is in a position to mediate the hydrophobic
ontacts or the hydrogen bond with ubiquitin, unlike
he corresponding Met-342 residue in the Dsk2UBA-
biquitin complex. In contrast, the orientation of the
BA domain relative to ubiquitin in a model of the com-
lex between p47UBA and ubiquitin proposed by Yuan
nd coworkers (Yuan et al., 2004) seems similar to that
n our structure. However, we could not compare the
inding modes of these two structures in detail, as nei-
her a detailed description of the interface nor the
tructure coordinates are publicly available for the
47UBA-ubiquitin model.
Among five ubiquitin-recognition motifs, structures of
he UIM motif (Swanson et al., 2003), the CUE domain
Prag et al., 2003; Kang et al., 2003), the NZF domain
Alam et al., 2004), and the UEV domain (Sundquist et
l., 2004; Teo et al., 2004) in complex with ubiquitin
ave been reported. Because the UIM, NZF, and UEV
omains possess completely different folds in compari-
on to one another and to the UBA and CUE domains,
t is interesting to investigate whether these motifs
hare any common features of ubiquitin recognition.
Indeed, a comparison of the ubiquitin binding mode
f these motifs indicates that three (Vps27UIM, Cue2-
CUE/Vps9CUE, and Dsk2UBA) share critical determinants
f ubiquitin binding. Of them, Vps27UIM adopts the sim-
lest fold, comprising a single α helix of about four
urns (Swanson et al., 2003). The structure of the
ps27UIM complex has revealed that Ile-263, Ala-266,
nd Ser-270, the three residues that are conserved in
he UIM consensus sequence (f-x-x-Ala-x-x-x-Ser),
lay an exclusive role in ubiquitin recognition. In partic-
lar, Ala-266 and Ser-270 have been shown to be im-
ortant: the side chain methyl group of Ala-266 fits intothe Ile-44 hydrophobic pocket of ubiquitin, whereas the
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529hydroxyl group of Ser-270 accepts a hydrogen bond
from Gly-47 of ubiquitin. These contacts are also ob-
served in the complex structure between the UIM of
proteasomal S5a and the UbL domain of hHR23B, and
mutagenesis experiments have verified that these con-
tacts are essential for complex formation (Fujiwara et
al., 2004). Interestingly, these two contacts are ob-
served in the ubiquitin complexes of Dsk2UBA, Cue2-
1CUE, and Vps9CUE, where they are mediated by a single
amino acid, Met-342 of Dsk2UBA, Met-19 of Cue2-1CUE
(Kang et al., 2003), and Met-419 of Vps9CUE (Prag et al.,
2003), respectively. As discussed above for Dsk2UBA,
the side chain methyl groups of these methionine resi-
dues are packed against the Ile-44 hydrophobic pocket
of ubiquitin, whereas their backbone carbonyl groups
accept hydrogen bonds from the amide group of ubiqu-
itin Gly-47. These observations suggest that ubiquitin
provides two binding determinants, the Ile-44 hydro-
phobic pocket and the hydrogen-bond-donating resi-
due Gly-47, for contacting all three (UIM, UBA, and
CUE) of these small ubiquitin-recognition motifs. As
these two sites are both located on the β-sheet surface
of ubiquitin, the interaction interfaces for all three mo-
tifs are confined to the β-sheet surface of ubiquitin that
is centered at Ile-44.
We also compared the ubiquitin binding modes of the
NZF and UEV domains with that of the UBA domain.
As discussed above, Met-342 in Dsk2UBA mediates the
main contacts with ubiquitin. In the NZF domain of
Npl4, by contrast, two zinc binding loops are involved
in binding to ubiquitin (Alam et al., 2004). Npl4NZF also
interacts with the Ile-44-centered hydrophobic surface
of ubiquitin via hydrophobic residues, namely, Thr-13,
Phe-14, and Met-25 of the two zinc binding loops.
These residues are nearly invariant among the NZF do-
mains that bind ubiquitin. However, the methyl groups
of Thr-13 and Met-25 are not located at a position sim-
ilar to that of Met-342 of Dsk2UBA. Instead of methyl
groups, the Cα of Cys-12, which is one of four Zn2+-
coordinating cysteine residues, is located at the same
position as the methyl group of Met-342 of Dsk2UBA.
By contrast, the UEV domain of Vps23, which con-
sists of 161 amino acids and is larger than other ubiqui-
tin binding motifs, displays clear differences in its
ubiquitin binding mode (Teo et al., 2004). It interacts
with ubiquitin through two β hairpins, referred to as the
“lip” and “tongue.” The major sites on ubiquitin that
are contacted by this domain are not confined to the
hydrophobic surface centered at Ile-44: the UEV do-
main also contacts the region around Gln-62 of ubiqui-
tin through the β hairpin lip. Therefore, only the contact
that occurs at the Ile-44-centered hydrophobic patch of
ubiquitin is conserved between Vps23UEV and the other
ubiquitin binding motifs. In the Vps23UEV-ubiquitin com-
plex, this hydrophobic patch is recognized by back-
bone atoms of the β hairpin tongue of Vps23UEV via van
der Waals contacts. The Cα of Ser-55, a residue located
in a β-tongue structure, is located at the same position
as the methyl group of the key residues of UBA, CUE,
and UIM. In contrast to complexes containing other
ubiquitin binding motifs, the amide group of Gly-47 of
ubiquitin does not make any intermolecular hydrogen
bonds in the Vps23UEV-ubiquitin complex; instead, Thr-
53, a residue located in the β hairpin tongue ofVps23UEV, donates a hydrogen bond to the carbonyl
group of Gly-47 of ubiquitin.
Conclusion
We have determined the solution structure of Dsk2UBA
in complex with ubiquitin. To our knowledge, this is the
first report to describe the structure of a complex be-
tween a UBA domain and ubiquitin at atomic resolution,
although model structures based on chemical shift per-
turbation experiments have been published (Mueller et
al., 2004; Yuan et al., 2004). Furthermore, our structural
and mutational data reveal that the conserved methio-
nine residue, Met-342, of Dsk2UBA serves as a key re-
cognition site for ubiquitin by providing both hydropho-
bic interactions and intermolecular hydrogen bonding
between Dsk2UBA and ubiquitin. Notably, similar types
of interaction are mediated by other ubiquitin-recogni-
tion motifs, including the UIM and CUE domains, sug-
gesting that ubiquitin provides common recognition de-
terminants for these motifs. In summary, our findings
provide the basis for future studies aimed at under-
standing the mechanism underlying the recognition of
ubiquitin.
Experimental Procedures
Sample Preparation
Recombinant GST-Dsk2UBA was obtained by expressing a GST-
tagged protein in E. coli BL21 (DE3) transformed with pGEX-KG/
Dsk2, followed by affinity purification on glutathione-Sepharose as
described (Funakoshi et al., 2002). After cleavage with thrombin,
recombinant GST-Dsk2UBA was purified by gel filtration. Recombi-
nant yeast ubiquitin was obtained by the expression of E. coli BL21
(DE3) that had been transformed with pET-24a/ubiquitin as de-
scribed (Rajesh et al., 1999). After heat treatment (85°C, 5 min) of
the supernatant of the crude cell extracts, yeast ubiquitin was puri-
fied by ion-exchange chromatography, followed by gel filtration.
Uniformly 13C/15N-labeled proteins were obtained by growing the
bacteria in M9 minimal medium containing 15NH4Cl and 13C6-glu-
cose as the sole nitrogen and carbon source, respectively. The fol-
lowing two samples for NMR experiments were comprised in buffer
[20 mM potassium phosphate (pH 6.8), 5 mM KCl, 1 mM EDTA,
5% D2O]: Dsk2UBA-ubiquitin complexes in which either Dsk2UBA or
ubiquitin was labeled with 13C/15N. These samples were generated
by titrating an excess amount of unlabeled component into 13C/
15N-labeled component. The labeled/unlabeled molar ratios of
these complexes were estimated by monitoring chemical shift
changes in the 1H-15N HSQC spectra during titration. The labeled/
unlabeled molar ratios of these complexes were 1:1.2 (13C/15N-
labeled Dsk2UBA in complex with unlabeled ubiquitin) and 1:1.4 (un-
labeled Dsk2UBA in complex with 13C/15N-labeled ubiquitin), re-
spectively. The protein concentrations of these complexes were 1.0
mM (13C/15N-labeled Dsk2UBA in complex with unlabeled ubiq-
uitin) and 0.9 mM (unlabeled Dsk2UBA in complex with 13C/15N-
labeled ubiquitin), respectively.
All NMR experiments were performed with two types of isotopi-
cally labeled UBA-ubiquitin complexes: 1.0 mM 13C/15N-labeled
Dsk2UBA and unlabeled yeast ubiquitin, and 0.9 mM 13C/15N-
labeled yeast ubiquitin and unlabeled Dsk2UBA in NMR sample
buffer.
NMR Spectroscopy
All NMR experiments were performed at 298 K on either a Varian
Inova-900 or a Bruker DRX-800 spectrometer. Data processing and
analysis were performed using NMRPipe (Delaglio et al., 1995) and
Sparky (Goddard and Kneller, 1999), respectively. The sequential
backbone chemical shifts of both Dsk2UBA and ubiquitin in the
complex were obtained from four triple-resonance experiments: 3D
HNCO, 3D HNCA, 3D CBCA(CO)NH, and 3D HNCACB. The side
chain chemical shifts of both proteins in the complex were as-
signed by using five spectra: 3D CC(CO)NH, 3D HCC(CO)NH, 3D
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530HCCH-TOCSY, 3D 13Caro-NOESY, and 1H-13C HSQC. The distance l
crestraints derived by the intramolecular NOEs were obtained from
3D 15N-NOESY, 3D 13C-NOESY, 4D 15N/13C-NOESY, and 3D 13Caro- C
NOESY spectra, with a mixing time of 150 ms. The intermolecular p
distance restraints were obtained from 13C-edited (F2)/13C-filtered 4
(F1) NOESY spectra of two isotopically labeled UBA-ubiquitin com- Cplexes.
t
i
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Chemical shift perturbation experiments were performed with 0.1
CmM 15N-labeled Dsk2UBA or ubiquitin in the NMR sample buffer
Adescribed above. Unlabeled Dsk2UBA or ubiquitin was added step-
Swise up to an unlabeled-to-labeled sample ratio of 2 or 3 equivalent
Cweight. The 15N, HN chemical shift changes in the Dsk2UBA or
(ubiquitin were monitored in 1H-15N HSQC spectra. Chemical shift
(changes were calculated using the equation {(N × 0.17)2 + HN2 }1/2,
ewhere N and HN are the chemical shift changes of the backbone
nitrogen and amide proton, respectively. C
(
Structure Calculations t
Structures were calculated by CYANA (Guntert et al., 1997; Guntert, 1
2004) and further refined by AMBER 7 (Pearlman et al., 1995). All C
of the NOE crosspeaks were picked manually using Sparky. Intra- S
molecular NOE peaks were assigned using the CANDID algorithm f
(Herrmann et al., 2002) of CYANA, and intermolecular distance re-
Cstraints derived from the 13C-edited (F2)/13C-filtered (F1) NOESY
dspectra were generated by manual assignment. Backbone torsion
sangle restraints of 108 in regular secondary regions were derived
6by TALOS (Cornilescu et al., 1999) and used during CANDID cycles.
CA total of 3027 meaningful NOE upper distance restraints were ob-
atained (736 intraresidual, 669 sequential, 568 medium-range, 843
slong-range, and 103 intermolecular NOEs). Each AMBER run con-
sisted of 20-ps molecular dynamics, followed by 1500 steps of en- D
ergy minimization. To approximate solvent interactions, a general- A
ized Born model was used. The force constants were 20 kcal mol−1 t
Å−1 for distance restraints and 150 kcal mol−1 rad−2 for dihedral
D
angle restraints. The 20 structures with the lowest restraints energy
g
were selected and analyzed using MOLMOL (Koradi et al., 1996),
o
AQUA, and PROCHECK-NMR software (Laskowski et al., 1996) (Ta-
a
ble 1). No distance restraint was violated by more than 0.3 Å and
Dno torsion restraint by more than 3.0°. All of the figures were pre-
mpared by using MOLMOL or PyMOL (http://pymol.sourceforge.net).
C
DMutational Analyses
IMutant constructs were prepared by a QuikChange Site-Directed
UMutagenesis Kit (Stratagene). The binding affinity between Dsk2UBA
1mutants and wild-type ubiquitin or between the wild-type Dsk2UBA
and ubiquitin mutants, respectively, was determined by SPR using D
a Biacore X instrument. GST fusions of wild-type or mutant (
Dsk2UBA were immobilized onto a CM5 chip. The equilibrium bind- n
ing affinity of the GST-Dsk2UBA variants was analyzed by monitor- V
ing the change in response units as a function of the concentration
E
of wild-type or mutant (ranging from 0.1 to 500 M) at a flow rate
M
of 20 l/min in buffer containing 10 mM HEPES (pH 7.4), 150 mM
P
NaCl, 3 mM EDTA, and 0.005% surfactant P20.
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